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1. Program Summary

This research and development program will produce a tactical nephanalysis
computer program that will provide gridded fields of cloud amount and altitude from only
those sources of data available in a Mark 1V-B Tactica Terminal System. Specifically,
the program must be able to successfully operate over a range of conditions including
occasions when only sensor data from either the DMSP or NOAA polar orbiting satellite
systems are available. Software development will require new agorithm development,
validation, testing, and maintenance. Nine tasks have been identified as necessary to
successfully complete the program requirements:

1) Mark IV-B database tasks including expansion of the AIMS database

management software, AVHRR data acquisition, Earth location and

remapping of satellite imagery, optimal interpolation of point source data,
and implementation of image processing capabilities;

2) evaluationof the utility of SSM/I surface temperature retrieval algorithms
for cloud discrimination over varying thermal backgrounds;

3) evaluation of SSM/I cloud amount algorithms;

4) development of nephanalysis and surface temperature retrieval algoritiims
for OLS and AVHRR data that will operate over different levels of data
availability and reliability in a tactical environment;

5) evaluation of the utility of SSM/T derived vertical temperature profiles
for assigning cloud top altitude;

6) development of improved algorithms for estimating cloud thickness and
cloud base dltitude from satellite sensor data only;

7) development of improved quality control and algorithm tuning
procedures to support interactive manipulation and monitoring of
nephanalysis results;

8) implementation of techniques to process surface based cloud observations
and merge them with satellite derived analyses,

9) development of a tactical nephanalysis computer program that will
implement algorithms and techniques derived from the previous tasks s«
as to produce a consistent cloud analysis independent of the mix of
available satellite and conventional data.

In addition to the 9 functional tasks described above, AER has been tasked to .t
real-time access to NOAA and DM SP polar-orbiting satellite data in support of
TACNEPH agorithm development and validation. Specifically AER will provide
AVHRR, TOVS, TIP, and ARGOS data from the NOAA TIROS satellites and (1.5,



SSM/1, and SSM/T data from DMSP. To accomplish this, two complete satellite
receiving and processing ground stations have been installed and interfaced with existing
computers at the Phillips Laboratory. The ground stations are both TeraScan systems
from Sea Space Inc. and include real-time data ingest capabilities plus software for
standard image processing, anaysis, and display. Both NOAA and DM SP systems are
currently providing continuous real-time access to the sensor data.

A four year combined effort between AER and PL is underway to complete the
project, a schedule of the estimated start date, duration, and progress for each task is
presented in Figure 1.
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Figure 1 Revised TACNEPH task schedule with subtask breakdown.



2. Progress During the Reporting Period

Two new tasks and one subtask were started during the reporting period: Task 7,
quality control and tuning; Task 8, conventional data processing; and Subtask 1.5 ingest
of point data into the TACNEPH database. One subtask was completed: Task 4.3, OLS
and AVHRR background surface temperature retrieval algorithms. Work progressed on
five ongoing tasks: Task 2, estimation of OLS clear scene temperature from SSM/I;
Task 4, nephanalysis algorithm development, with one subtask in progress. Task 41 -
OLS cloud detection; Task 5, evaluation of SSM/T derived temperature profiles for cloud
height assignment; Task 6, algorithm development for retrieval of cloud base anti
thickness from satellite data; and Task 9, TACNEPH computer program development.
Ongoing and completed tasks and subtasks are identified in the updated program:
schedule contained in Figure 1.

2.1 New Tasks

The Initial Task Review (ITR) for Task 7, quality control and tuning, was held on 3
February 1993 and is described in the meeting report dated 9 February, 1993, ¥/urk on
this task is to be divided between development of quality control flags and tuning options,
Quality flags will be designed to provide an assessment of the relative accuracy o1
reliability of a given analysis. Separate flags will be generated for total cloud ar:{ low
middle, and high cloud The main objective of the task is to determine wha: ¢y -dve
criteria should be used to measure algorithm accuracy. Several quantifiable measures arr
under consideration including the strength of the cloud signal (i.e., how close to i« cloud
threshold is the measured quantity), the number of tests that separately detect clv:d, anic
the suitability of the analysis for a particular type of cloud (e.g., visible data for ¢ ivico»
thermal IR for low stratus). Tuning options are designed to provide a user with
controlled access to the algorithm mechanics and with guidance on how the cptics a
be applied Much of the discussion at the ITR centered on how to provide & use: witl.
little or no knowledge of the cloud analysis algorithm, or even meteorological sa = ilitc.
data analysis, with a tuning mechanism that would be useful and easily understcud. The
approach isto limit what the user can do to fixed adjustments to modify the algorithm
sensitivity to low, middle, and high cloud. The available options are ana:cgtus L~
dial, each with three settings. Each dial corresponds to a different cloud layer: inwv,
middle and high. The center dial position corresponds to the optimal sensidvitysetting
for that layer, that is the setting determined to most accurately detect cloud =wvitiotut over
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analyzing. One position on either side will allow a relative increase in sensitivity (with
the possibility with an increase in false alarms) and on the other a relative decrease. This
should provide the user with sufficient control to adjust the algorithm sensitivity to match
a particular application.

A combined ITR for Task 8, conventional data processing and Subtask 1.5,
objective analysis of conventional data, was held on 24 March 1993 and is described in
the meeting report dated 29 March 1993. Conventional data process is not supported on
the Mark IV-B so that work on this task would be considered a post-processing cpiion
rather than an integrated module in the TACNEPH algorithm. The main consequence of
which is that conventional data can not be used to adjust the cloud detection thresholds
used in the analysis algorithms, but rather can only be used to modify the final analysis.
The requirements set at the ITR are to investigate using conventional data available on
AIMS to modify the TACNEPH results following the approach of the RTNEPH Merge
processor.

22  SSMJ/I Surface Temperature Retrieval

In preparation for implementation of a government furnished SEl/Y suiiface
temperature retrieval algorithm on the AIMS system, AER has been investigating ths
SSM/T antenna pattern correction (APC) provided on the TACNEPH D3P ground
station computer. As reported in the previous progress report, there was sorae urncacianity
about whether the APC implemented on the ground station was consistent with the AFPC
technique used on the Mark IV-B. A formal request has been made through the T #{S¥F
SPO to obtain information from LAD on the form of the SSM/I APC used an thc Mark:
N-B to insure consistency with the techniques used for TACNEPH. At ihis time no
information has yet been received. However, a similar request to Capt. Tom Neu at
AFGWC was acted on and a copy of the SSM/I APC routine used operationally at
AFGWC was received during the reporting period. Comparisons of the AcGy/Cand
TACNEPH APC agorithms revealed somewhat different implementations .+ zlev-i™
corrections used in the APC algorithms, however, corrected brightness tzieratures
obtained from the two algorithms showed good agreement over a range of conditions.

At the end of the previous reporting period source code listings of i 55 ivi/I
surface temperature retrieval program developed for the RTNEPH program were received
from AFGWC. These listings make up the GFE algorithms that are to be evaluated for
TACNEPH use under Task 2. The technique is a two step linear regression algorithm



used to predict an OLS IR clear scene brightness temperature from the correspondcing
SSM/I temperatures. A series of linear coefficients are applied to the seven SSM/i
channels to first characterize the background type and then, based on the background, a
second set of coefficients are used to predict the clear scene OLS brightness temperature.
This agorithm is potentially useful for TACNEPH since an accurate prediction of the
OLS clear scene temperature could replace the adjusted surface temperauire climatology
in the single and two channel OL S nephanalysis algorithms.

The SSM/I clear scene temperature algorithm was successfully impleimenizd o:
AIMS and the TACNEPH database was modified to accommodate the resulting
temperature estimates. However, as also reported last quarter, the only regression
coefficients provided by AFGWC were developed for the F-8 satellite. Perscial
communication with Capts. Norm Mandy and Tom Neu have revealed that at preser:i the
F-8 coefficients are al that is currently available. New software is being developed a?
AFGWLC to support generation of coefficients for the F-10 and F-I 1 satellites hut they
will probably not be available before summer. Since the decryption device PL obtaineu
for the TACNEPH ground station only has keys for F- 10 and F- 11, the clear scene
temperature algorithm could not be tested on F-8 data. However, it was tested ¢a F-i1
data using the F-8 coefficients. Results for both the surface type classification and
temperature retrieval portions of the algorithm were poor. The surface classification
could not even accurately discriminate land from water backgrounds and temperatur:
values frequently differed from coincident OLS clear scene brightness temperatures by
greater than 30 K. Additional conversations with Capt. Neu confirmed that the
disappointing performance of the algorithm was probably due to the use of F-8
coefficients with F-I 1 data. Since it seems pointless to perform an evaluatien nf .S™%"
derived clear scene temperatures using these coefficients, further work or i,
been postponed until new coefficients are available.

2.3 Nephanalysis Algorithm Development

Work during the reporting period work concentrated on the OLS algorithis. A, aly-
sis of clear scene statistics developed from comparisons of OLS brightness temperatures
with corresponding surface temperature climatologies showed that some clo«a oo -
nated pixels were not being screened out by the cloud clearing algorithm. This restt -
in the assignment of surface temperature climatology corrections used in the IR algouiitinn.
that were too large causing a negative feed-back on the entire cloud detection piccess
Cloud-contaminated pixels incorrectly used to update the clear scene temperature



statistics increased the expected range of clear scene temperatures to include values that
were too cold. The result was a progressive loss of sensitivity to low cloud which in turn
fed back into the next set of clear scene statistics. Two changes were introduced to
correct this problem. First the cloud clearing criteria were stiffened to reduce the number
of cloud contaminated pixels that were being missed by the cloud clearing algorithm.

The second was to modify the clear scene statistics program to limit the magnitude of the
limits change from one day to the next.

Currently, the OLS histograms are being monitored daily through the use of the
visua display routine called IR_HISTO. Before the changes were introduced some daily
histograms showed a bias toward cold numbers superimposed on the normal bell shaped
distribution. In all cases where this occurred, inspection of the original analysis file
revealed cloudy pixels that were missed by the algorithm. Since the changes all histo-
grams have displayed a normally distributed shape. Thus the rotating histogram database
has proven effective in two ways: 1) to serve asan indicator of the natural variability
between climatological estimates of surface temperature and satellite measurements and
2) asaquick diagnostic of OLS algorithm performance.

A modification was also made to the way data are collected in the histogram
program. Previously the routine, which depends upon the OLS algorithm analysis for
cloud/clear information, was run in a post-processing mode separate from the cloud
analysis algorithm. It was decided to incorporate the program directly withis: the QLS
algorithm so that collection of clear scene statistics is now a by-product of the cloud
analysis. With the merging of these two routines came several changes. Previou;ivthe
satellite scene was divided into 16x16 pixel subsets and, if the entire subss: was clous
free, the average temperature difference over the pixel array was used as a single dati:
point in the histogram. While this approach provided generally good results, some
problems obtaining a sufficient number of data points to fill the histogram ccenrred on
very cloudy days. To reduce the impact of several cloudy daysin arow, the divisizn of
the satellite scene into subset boxes was eliminated and clear scene statistic:: ase now
accumulated on a pixel-by-pixel basis. This change had the effect of greatly incicasing
the number of points saved in each histogram and has effectively eliminated days that are
discarded due to too few clear data points on cloudy days.

The clear-scene background brightness database is currently being updated witi:
data from the F-I 1 satellite passes but is not yet completely filled. A post-processing



routine is currently being run using output from the OLS nephanalysis algorithm to
update the database, but it is expected to be incorporated within the algorithm early in the
next reporting period. Problems interpreting visible data collected near the terminator
have slowed testing of the visible data part of the OLS algorithm. These problems have
generally been caused by unknown changes in the on-board gain control of the sensor and
shifts between the PMT and visible sensor over the regions of interest  However, as
northern hemisphere summer approaches the visible sensor data are becoming more
consistent and work is progressing.

2.4  Evauation of SSM/T Derived Cloud Height Assignment

Late in the reporting period, two tapes containing source code listings of the SSH/T
temperature profile retrieval program were received from The Aerospace Corpoianio
These make up the government furnished algorithm that is to be evaluated for usefuine::
in assigning cloud height within TACNEPH. Progress on this task has been limited to
decoding and input of the tape data and initial work at deciphering the source code to
extract the algorithm. While very little documentation on the program was received with
the tapes, the source code is well commented and progress is being made. Also i icluces
on the tape were severa data files containing 8th mesh geography and terrain, 10001 i3
height D-values, numerous coefficient files, and the D-matrix listings. These ar«
assumed to be used by the SSM/T retrieval program and are maintained on-line.

25 Cloud Base and Thickness

The approach used in this task isto infer cloud optical thickness from satellite
measurements of visible and near infrared radiance data. Reflected radiance isiepcadent
on cloud optical thickness as well as sun sensor viewing geometry, cloud particle size
distribution and phase. Particle size and phase can not be measured directly bui aie
inferred from cloud type. Optical thickness is used to calculate physical thir e whic’
isin turn used with cloud top information based on infrared emission to estimate e

A radiative transfer simulation model is used to calculate channel radizrnices us «
function of cloud thickness and cloud type. Atmospheric properties such gas absorption
profiles and aerosol extinction profiles are computed using LOWTRAN?Y. Cloud pro-
perties (optical thickness, single scattering albedo, and angular scattering function) used
as input specified from a cloud type dependent modified gamma droplet size distributions
computed by a Mie scattering program (MIE). The output of LOWTRAN7 ar! ¥ are
input to a discrete ordinate method (DOM) multiple scattering radiative transfer



algorithm which computes the expected radiance. Based on these calculations a table of
channel radiance versus cloud thickness has been generated for six model cloud types:
cirrus, altostratus, low stratus, altocumulus, stratocumulus, and fair weather cumulus.

For each of the six cloud types the AVHRR radiance in channels |-3 was simulated
for five different cloud thickness values, and four different abedo values for the back-
ground. The model computed radiances are compared with the corresponding observed
radiances in an AVHRR image for each cloud type and used to determine the cloud
thickness of al the pixels in the image. Work on an appropriate cloud typing algorithm is
continuing. For purposes of testing the radiative transfer approach, cloud type is
manually identified.

2.6 TACNEPH Computer Program Development

Work progressed on validation of the AVHRR nephanalysis algorithm. The valida-
tion work continued to follow the plan described in the previous contract progress report.
Since no additional guidelines have been received from the Air Force, the scope of the
validation effort remains unchanged. AVHRR data collected from the PL ground station
for June, September, and December of 1992 over two regions of interest (Figure 2) for
three times of day are being used as case study data. The sensor data are incependently
analyzed for cloud using the objective TACNEPH agorithm and a subjective marual
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Figure 2 Data collection regions of interest used in the AVHRR algorithin
validation program.



interpretation. Cloud/clear results from both analyses are entered into the AIMS comapuier
system and objectively compared_ Validation statistics are based on these compazisc is.

Since the last reporting period, the interactive program developed to aid the manual
analysis (TBLANK) has been used extensively to analyze the case study data Adciional
options have been appended to the utility to accommodate the analyst’'s suggesvons asthey
use the program to create the manual analysis files. Among these additional ont:ons ae
various new update options that affect the way pixels information is entered :nic .ne o
analysis. These options can be used in conjunction with each other, and often elirnin=te
the need to remove data points that are erroneously entered into the analysis as cloudy
during an intermediate step (recall that the manual analysis is an iterative procedure).
Another new feature is the ability to generate a tabular listing of the data values of al
sensor channels at a particular pixel location within a satellite image. This viewing option
is supported by a mouse driven graphical user interface which allows the analyst to posi-
tion a cursor directly over a pixel of interest and retrieve the digital values of each sensor
channel. If desired, the analyst can then use the mouse to set a threshold based upon the
values that are retrieved. This shorthand adjustment to the blanking threshold provides
both a qualitative and quantitative method for setting optimum cloud/clear thresholds.

In addition to the new features of TBLANK, packing and unpacking uglities w.re
developed for archival purposes. Because of the way the PL imaging computers are
configured TBLANK produces an 8-bit cloud analysis output yet the result is by 4
new bit packing utility compresses the 8-bit data files to a fraction of their origizal
physical storage size. To view the compressed results as an image, an accomparving
unpacking utility was developed to reconstitute the eight-bit cloud truth image.

The TBLANK utility described above was used in two distinct phases «f . =%
don of the AVHRR multispectral automated analysis routine. First, manus!a=aly
were performed on five consecutive case study days from each of the daytirre, =i 5 e,
and terminator passes for both ROI areas to support collection of clear-scene - :itisiis
needed to initialize the nephanalysis model. Histograms of the differences between i.¢
sensor data and the corresponding climatological values were saved in arotating clear-
scene database which was modeled after the real-time database described in p.evious
reports. The automated multispectral analysis routine was then run on data {:sm subse
guent days using composite thresholds based on these initial five days. From then on t:e
clear-scene statistics were updated in the normal way using results obtained from tiie
automated analyses. Automated analyses were collected until a minimum of ten histo-



grams were established. The second use of the TBLANK utility was to generate manual
cloud analyses for the remainder of the case study days that were then used in the
algorithm comparison routine.

To assist in the collection of statistics of the manual and automated analysis results, a
routine called STATS was created which can access statistical data files through the
TACNEPH database. This routine divides each analysis file into square pixel subsets of a
specified size and generates comparison statistics based on cloud values calculated over
each subset, as well as statistics based upon the analysis in its entirety. Statistics were
collected and saved for pixels subset sizes of 16x16 and 32x32 to observe the affect of
varying subset sizes on the correlation between the two analyses. A periphera routine
called READ-STATS was developed to prints the recorded statistical information in
tabulated form (see Figure 3). Statistics were collected for each individual case day, as well
as composites for each combination of month and time of day (e.g., June terminator cases).

To assist in the interpretation of the comparison data, histograms and scatter plots
were created for each individual case, as well as for the composite sets. Scatter plots
consist of paired data based upon the percentage cloudiness of each subset box in the
manual and automated analyses (see Figure 4). The data were linearly regressed, and
information about this regression was included directly on the plots to indicate the
correlation between the manual and the automated analyses. Histograms wers creaied
based upon the cloud percentage differences between each manual analysis subset box
and its corresponding automated analysis subset box (Figure 5).

$ RUN READ-STATS
Enter entry number: 4010
Enter subset box size: 16

TDB entry number: 4010

Subset box size: 16

Number of subset boxes: 15 12

Mean subset box %cloudiness for manua analysis. 47.61

Mean subset box %cloudiness for automated analysis: 49.90

Mean difference %cloudiness for (automated minus manual): -2.29

SD about the mean difference: 6.5916

%RMS error: 16.95

Both clear: 45.07% Both cloudy: 42.53% Disagree: 12.35%
Manual only: 7.32% Automated only: 5.03% Both: 87.65%

Figure 3 Sample statistical output from the READ-STATS program for one case
study day.
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Figure 4 Sample scatter plot of fractional cloud amount obtained from the automated
TACNEPH algorithm and manual analysis for one case study day.
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Figure 5 Sample histogram of differences in fractional cloud amount obtainea fromn:
the automated TXCNEPH algorithm and manua analysis for one case study
day.
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Currently, the entire validation process has been performed for al June and
September cases (i.e., approximately 120 cases). Manual analyses of the December cases
are underway and statistical analyses are expected to be completed within the next
reporting period. Collection of March data will aso start in the next reporting period.
March of 1993 data will be used since the AVHRR ground station as not yet operational
in March of 1992.

Data collection for cloud/clear results has been completed for the June and
September cases using archived NOAA-I 1 and NOAA-12 passes. Analysis was begun
for 5 days of data for terminator, daytime, and nighttime passes from the June case.
NOAA- 11 and NOAA-12 passes stored on tape were unloaded and listed on the UNIX
system. Each tape contains two or three days worth of NOAA-I 1 and -12 passes with
each pass being assigned a file number. Passes containing; terminator, daytime, night-
time images for the land and water sites were then chosen. Once a determination was
made that a pass fit the criteria for site location, time, etc. the image was transferred tc
optical disk for access on the AIMS system. Each case transferred to the AIMS system
for analysis was registered in TDB and assigned an entry number.

Objectives of the manual analysis tie to accurately locate and classify cloud/clear
areas from each satellite pass using all visible and infrared channels that are 2vailable
from the AVHRR. As described above, the TBLANK utility package enables the user tc
build a fina composite analysis using various methods to segregate and split poriicss of
an image. Separation and splitting of imagery greatly enhances the accuracy of the cloud
analysis as opposed to analyzing the image in its entirety. Analysis of the [ure iz iz are
nearly complete, processing of September and December cases is expected te b o 1
pleted during the next reporting period. Collection of March data will have io vait »rii
March of 1993 since the AVHRR ground station was not yet operational in hiaich of
1992. A similar procedure will be applied to the OLS data for validation of *hat
algorithm.

3. Plans for the Next Reporting Period

Work on the OLS algorithm development is essentially complete and the FTR will
be scheduled early in the reporting period. Validation of the AVHRR algorithimns i
continue along with collection of OLS validation data . Implementation cf the 5 M/T
algorithm should be completed and testing in the TACNEPH algorithm wil! begin. Work
on the cloud thickness algorithm will continue with testing of the three channel radiance
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tables relating cloud optical depth to AVHRR channel radiance. Algorithm tuning work
will continue with identification of internal thresholds that correspond to dial settings and
evaluation on real data.

4, O ther Issues

A paper entitled “Validation of infrared cloud detection algorithms developed for
TACNEPH” by Gustafson, Isaacs, and Sparrow from AER and Bunting and {'Entremant
from PL was submitted to the SPIE Conference on Passive IR remoie sensing of clouds
and the atmosphere, to be held 13-16 April, 1993. A copy of the paper is attached.

An one year extension to the software support agreement for the TACNEPHHRPT
satellite ground station was purchased from Sea Space, Inc. and a one year extension to
the software support agreement for the TSSNET networking software used ic link the
ground station with AIMS was purchased from Thursby Software, Inc.

No research or analysis failed.

Of the total funds of $1,026,776 allocated for 48 months, approximately 80% hav.:
been expended after 36 months; approximately 80% of the work has been compleiesd,
Note that $226,545 of this expenditure has been for acquisition and insta!latior o
satellite ground station equipment and expenditure of funds allocated f: .csearciraid
development is on track. Detailed fiscal data are available separately in the monthly
Contract Fund Status Reports.
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Validation of infrared cloud detection algorithms developed fosf A "NEPH

Gary B. Gustafson, Ronald G. Isaacs, Jeanne M. Sparrow

Atmospheric and Environmental Research, Inc. (AER)
840 Memoria Drive, Cambridge, MA 02139, USA

James T. Bunting, Robert P. d’Entremont

Phillips Laboratory
29 Randolph Road Hanscom AFB, MA 01731-3010

ABSTRACT

A multi-year research and development program is underway to develop an auioniateds cic:a i mexde)
known as TACNEPH for use by the Air Force at tactical sites. Significant features of this model iru e
the ability to analyze real-time DMSP/OLS and NOAA/AVHRR data using only the limited resouices of
transportabl e tactical ground stations and to automatically adapt to changes in the available data mix_ No
supporting data from a center are available (e.g., upper air temperature and moisture fields, surface
reports). To satisfy these requirements it was necessary to develop separate algorithms for each sensor
platform. An infrared algorithm developed for DM SP data relies on an estimate of the clear scone radiative
brightness temperature based on a dynamic correction to a surface temperature climatology A czparate
NOAA IR agorithm is an adaptation of the multispectral approach of Saunders and Kriebel. Both
algorithms are designed to improve cloud detection capabilities over the current Air Fc:ce operational
RTNEPH model, with particular emphasis on low cloud.

A major aspect of the TACNEPH development program is the validation of the cloud «lj:crithy. 1s over
globally varying conditions. Since there is no universally accepted source of ground truth c.iza i dond.
it was necessary to develop a validation procedure based on available data sources. Use of surface. cloud
observations or intensive field observing programs (e.g., FIRE) alone were rejected due to limitations ::
coverage area and inherent difficulties in comparing satellite based cloud estimates with surface based
observations. Algorithm validation is instead based on subjective man/computer analysis of the input
satellite sensor data using any available additional data sources as guidance. A formalized procedure for
performing the manual analysis has been developed that exploits the interactive display and image
enhancement features of modem image processing systems along with data visualization tecani- ..
designed to present both multispectral sensor data and manual analysis results in an easy to interpret i Al
raster form. Validation results for TACNEPH infrared algorithms will be presented for sele.t:.ie.-2
studies used to capture the globally and seasonally varying conditions the agorithms are: .4 6
encounter.

1. INTRODUCTION

A four year research and development program is underway at the Air Force Philli.. i. vonsiory i
develop an automated cloud analysis model known as TACNEPH (for tactical nephanali, sis) designed to
beruninthefield on transportable satellite receiving ground stations.  Significant features of the model aix
the ability to analyze both DMSP/OLS and NOAA/AVHRR sensor data in real-time to produce gridded
fields of fractional cloud amount and height. Since the algorithms are designed for field wse available
resources are limited to the capabilities of the ground station systems. The principal limitai,: .k
type and amount of data that are available. The ground stations are capable of receiving direct bri icicast
satellite transmissions and have limited capacity to store climatological information, however, no
supporting data from a center are available (e.g., upper air or surface temperature and moisture fizlds
.urface observations). Also the model must be able to automatically adapt to changes in the avaii ble data



mix. To satisfy these requirements multiple cloud analysis algorithms were developed. One and two
channel algorithms developed for analysis of DMSP data rely on estimates of the clear scene refiectance
and surface radiative brightness temperature to discriminate cloud. Separate NOAA algorithms are
adaptations of the multispectral approach of Saunders and Kriebel (1988) and Karlson and Liljas (1990).
All agorithms are designed to improve cloud detection capabilities over the current Air Force operational
RTNEPH model, with particular emphasis on low cloud and transmissive cirrus.

A major aspect of the TACNEPH development program is validation of the cloud algorithms over
globally varying conditions. While TACNEPH is designed as a regional model, it must be relocatable
since the transportable ground stations could potentially be located anywhere on Earth, thus the need for
global validation. Unfortunately, for satellite nephanalysis purposes there is no universally accepted
source of ground truth data for cloud, so it was necessary to develop a validation procedure based on
available data Use of surface cloud observations or intensive field observing programs (e.g., FIRE,
ARM) done was rejected due to limitations in coverage area and inherent difficulties in comparing satetlite
derived cloud estimates with surface based observations. Algorithm validation is instead based on
comparison to computer aided manua analyses of the satellite sensor data. Any additional data that may be
available (e.g., surface observations) is used for guidance. A formalized procedure for the manual
analysis has been developed that exploits the interactive display and image enhancement features of 24-bit,
full color image processing systems along with data visualization techniques designed to present both
multispectral sensor data and manual analysis results in an easy to interpret digital raster form, Initial
validation work using case study data has been completed for two seasons over the East centrai United
States and the Atlantic Ocean

2.CLOUD ALGORITHM DESCRIPTION

The approach to cloud agorithm development is illustrated in Figure 1 wherein multiple algorithms
exist to satisfy the external constraints imposed by the data mix. As the amount or quality of satelliie Cata
decreases the algorithms automatically place increased reliance on locally available and store: databases.
Conversdly, as contingencies develop that decrease the reliability of stored databases the analysis prograin
will switch to a processing level that is less dependent on supporting data. An important {zature of this
multilevel approach is the capability to perform simultaneous algorithm co-calibration in the field, The
inherent algorithm redundancy that exists under conditions of full data availability can be exploited to
intercalibrate one algorithm against another during off-peak periods. Algorithm intercalib:zsic.: statistics
can then be used to assign confidence levels to results obtained later during non-optimal data limited
conditions.

Algorithms have been developed to accommodate the range of imager data obtainable from the CL.S
and AVHRR instruments. Two datistical threshold adgorithms operate on single infrared thermai wisidow
channel data alone or in combination with avisible or near-IR channel (i.e., OLS-T and OLS-L.: A VHRE
channels 1 or 2 and 4 or 5). Daytime and nighttime AVHRR algorithms use all available charu.c:s
simultaneously. This multispectral approach employs a decision tree structure to classify individual scene
features (e.g., low cloud, cirrus, snow, sun glint) separately through evaluation of a selected ¢t of
spectral signatures at each branch. For the TACNEPH application spectral signatures are tai«a to be
combinations of channel ratios, differences and absolute magnitudes. This approach has beca . ®
successfully in previous cloud detection applications (Saunders and Kriebel, 1988; Karlsson and «.itias,
1990) and is similar to ongoing work at NOAA (Stowe et al., 199 1). Information on cloud type & o4 cload
optical propertiesis produced as a by-product of the muldspectral cloud detection algorithms. The
TACNEPH cloud detection agorithms have been described esewhere (Gustafson and d'Entremont, 1992;
Isaacs, 1993) and will only be summarized here.

Vo
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Figure 1. Schematic of TACNEPH multi-source cloud analysis approach.

The single and two channel threshold algorithms are designed to identify cloud-tiiicd, cicu: s aud
partially cloudy pixels within- the scene and to determine representative cloud top and clﬁ zc‘ free
background temperatures. This information is used to compute the required parameters for each aria’ysi
grid box, namely fractional amount and altitude. A threshold approach was selected because ii; -t
suited to the TACNEPH environment where uncertainties in the available data (e.g., sensor calilira:io:
errors, stored data not representative of current conditions, variations in clear scene radiativs
characteristics, atmospheric transmission) cannot be accurately modeled_ An empirically :lerived dy.iam;
correction factor is used to account for al sources of error collectively without the need to undei iz« ziu
guantify the individual contributions. For TACNEPH, surface temperature chmatolm"*’dam acinerog hy
the correction factor, are used to predict cloud free satellite brightness temperatures. 1+ ERE
applied to the correct climatological temperature to discriminate cloud filled and partiaily i s . -
the cloud free background and to calculate their relative contributions to the total cloud : e
threshold algorithms that attempt to discriminate cloudy from cloud free pixels are inhere. dy 1icapaile us
accounting for partialy filled fields of view (FOV). This is illustrated in Figure 2a, where the paru:alls
filled FOV are misclassified as either cloud filled or cloud free. This problem is compounded oy the faci
that cloud boundaries tend to be amorphous and the actual definition of where they occnr generally
depends on the application_ The TACNEPH algorithm attempts to minimize these problems :y usins ./«
thresholds to define separate cutoff values for completely cloudy and completely clear pixel; (Fxon . ;J)
Data points that lie between the two cutoff values are treated as partially filled (i.e., contain a ~

'stimation of the contribution of partially filled FOVs to the total cloud amount is accomphmr by gl
—_=nergy balance equation adapted from the spatial coherence technique of Coakley and Bret}:« rics ¢ 43!
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Figure 2. Histogram of infrared radiance for a partly cloudy, multi-layer clead sceie ilinstrating how (8)
single threshold and (b) dual threshold techniques classify partially filled FGVs.

A two channel approach developed for the OLS during daytime is simiiar tc the. singis chianael
algorithm described above but is applied in two dimensions. Conceptually the two channe! approach is
straightforward., data from both visible and infrared sensor channels are analyved sirnuitanecasiy usiag
two pairs of cutoff values, one pair in each dimension. Data that are cold., bright, or c¢'d and vright
(relative to the respective cutoff values) are classified as cloud except over snow, ice, and descri
backgrounds. Data that are both warm and dark are unambiguously classified as clear. Warm bright
regions require an a priori clear scene classification to remove the ambiguity caused b, itie cirniarity in
radiative signatures of backgrounds such as deserts and low cloud  Data points that fai:btseca il tour
cutoff values are classified as partialy cloud filled. Their contribution to total cloud 2am vt is caloniated
geometrically and is assumed to be proportional to the normalized distance from both clear cuwti v&esin
the space defmed by the intersection of the four cutoff levels.

AVHRR multispectral algorithms use up to five separate tests that exploit different cloud spectral
signatures. Each test is applied in succession and results are combined to classify the scene characteristics.
Generally, tests that rely on reflected solar radiation (i.e., use channels 1, 2, or 3) can misclassify snow,
ice and sun glint over open water backgrounds as cloud. The main exception are iests that use channel 3
data over frozen water backgrounds since ice and snow are relatively non-reflective at these wavelengths,
however, sun glint affects all three channels. The problem of discriminaiing these problematic



backgrounds from cloud is also data constrained since no separate databases arzzvailabie i neip
characterize the backgrounds, therefore snow, ice and sun glint agorithms were developed uising the
"~ sensor data alone. Snow and ice are detected by comparing the solar component of dayiume chanaici 3 data
to channel 1 visible data. For cloud, both will be bright, however over snow and ice only the visible is
bright. Specular reflection over water remains a problem despite knowledge of the solar and satellite
observing geometry since glint can occur well away from the specular point depending on sea state and
wind direction. The sun glint algorithm tests for a series of conditions that resemble cloud in the reflected
solar tests but do not in tests that rely on emitted IR radiation only. Howevcr, this condition alone is not
sufficient to detect glint since low liquid water clouds can exhibit the same characteristics. An additional
criteria requires that the magnitude of the channel 3 data approach sensor saturation, a condition that
normally occurs in glint conditions since the channel 3 radiance is very sensitive to even smail amounts ¢
reflected solar.

AVHRR cloud tests generally rely on channel differences or ratios to discriminate cloud signatures
from those of terrestrial backgrounds_ Due to the unique radiative characteristics of low clouds and fog at
3.7 um relative to long wave IR channels, comparison of channel 3 and 4 brightness temperatures is &
particularly powerful low cloud discrimination technique during both day and nighttime. At 3.7 pm liquid
water clouds radiate as gray bodies whereas at 1 1ptm they are nearly black (d'Entremont et al,, 1487). As
aresult, at night the lower cloud emissivity results in cooler channel 3 brightness temperatures relative to
channel 4, however, during the daytime the combined emitted and reflected solar components cause the
derived brightness temperature to be relatively warm compared to channel 4 where there is only emitted
radiation. Additionally, due to the highly non-linear shape of the Planck function between « »zanel 3 and 4
wavelengths, the relative contributions to the brighmess temperature derived from the intgratd measured
over the relative channel bandpasses of (cold) cloud and (warm) backgrounds for partialy filled FOV
differs between the two channels. At 3.7 pm the warm background dominates the cold ¢load and the
lerived brightness temperature is warmer than at 11 pm. This signature is useful for detectr: g bre ken and

— transmissive high (cold) cloud at night, particularly optically thin cirrus.

Other cloud tests use relative differences between the split visible (1 and 2) and splif long wav~ IR
channels (4 and 5). Relative visible and near IR clear scene albedo measurements will diffe cepe-ding nn
background Over water, both channel albedos tend to be low but enhanced aerosol scatteri: &« wae: °
generaly results in a dlightly higher scene albedo. Over land the signature reverses except in cases .
extreme aerosol loading since vegetated surfaces reflect preferentially in the near IR. Clouds tend Ec
obliterate the background signatures and reflect approximately equally in both channels. However, ti.¢
absolute magnitude of the measured channel 1 and 2 radiances can vary significantly oer ascen
depending on the relative reflectivity of the observed surface, solar geometry, and anisotrc »ic effects. .
cancel these effects out of the cloud detection algorithm the ratio of the two channelsisused io discris a
the background signatures from the cloud_ A cloud signature is assumed to be aratio of aproxin: 'y
Split IR channel data are used to detect ice cloud and small particles along both ice and wa:e. ulou( chu

regardless of time of day. Inter-channel brightness temperature differences are expected ¢ Fy on
preferential water vapor absorption at channel 5 wavelengths, however, in the preseac zc i
differences exceed the theoretically predicted amount Inoue (1987) recognized that & de, o« wva

caused by unequal extinction from thin ice clouds at 11 and 12 pum, with the greater extinctios ¢ curiing u
12 pum. Prabhakara et al. (1988) extended this signature to include both liquid water and : ¢ clovds wh.:
the droplet or particle size was smaller than the channel wavelength. Saunders and *“riebel (1985)
developed atest to exploit these signatures through a theoretically derived look-up table of expected clear
scene channel differences caused by preferential water vapor absorption at channel 5.

All of the above tests are well suited to the TACNEPH application since they Lono require
complicated radiative transfer calculations or frequent updating of supporting databases. In mestcases the
Toss cloud signatures can be unambiguously inferred by simply contrasting one channel ag: + i . ouer,



3. VALIDATION PROCEDURE

During the algorithm development process the cloud detection techniques where extensively tested by
visualy comparing the algorithm results (displayed as a cloud mask color coded for each of the tests) to
the original satellite data. However, a more quantitative measure of algorithm accuracy was required
before the algorithms could be converted for operational use. The only sources of data readily available
for the TACNEPH validation study were DMSP/RTD and NOAA/HRPT direct broadcast ground stations
at the Phillips Laboratory in Bedford, MA. The coverage area from these systems ranges over the eastern
U.S. and Canada to the western North Atlantic. It is assumed that performance of the cloud algorithmsis
dependent on (at least) representative cloud types, scene illumination conditions, and background  To
exercise the algorithms over as broad a range of these conditions as possible given the input data con-
straints and man power resources, two regions of interest (ROI) within the coverage area were selected to
represent terrestrial and oceanic backgrounds (Figure 3). Data were collected for each ROI over 8-1Q day
periods from four seasons. June, September, December, and March; for daytime, nighttime and near
terminator  orbits.

Validation consists of an evauation of algorithm accuracy based on a quantitative comparison of
automated algorithm results with a corresponding manual analyses of the available satellite sensor data
The output of the manual analyses is used as truth for the purposes of these comparisons. This approach
was selected since 1) there is no universally accepted source of ground truth for cloud and 2) it was felt
that a manual analysis by an experienced analyst would provide the most accurate and consistent truth data
possible for evauating satellite nephanalysis agorithms. To support the manual analysis an interactive

(o

Figure 3. Selected regions of interest for validation study; the land ROI covers the siea35-40 N latitude,
78-83 W longitude; the water ROI covers the area35-40 N latitude, 73.5 - 58.5 W longitude.



autine was developed and implemented on dedicated image processing computers at the Phillips
aboratory. The program assists an analyst to manually classify and catalog cloudcontaminated pixels in
~—multspectral satellite imagery through a set of interactive man/ machine functions that support full color
multispectral display, image enhancement, segmentation and thresholding. Actua delineation of cloud
boundaries in a scene is accomplished through a technique known as threshold blanking_ Here the analyst
selects and displays one channel of satellite data as a raster image on a monitor and interactively raises or
lowers a pixel intensity threshold on a selected subregion. The threshold is adjusted until it accurately
delineates the cloud boundary as determined by the analyst. The magnitude of the threshold leve! is
viewed on the monitor as a user selectable color shading of the image. For example, if the analyst
chooses, say, a green shade then pixels with intensity levels below the current threshold will be displayed
as shades of green while pixels above retain their original gray shading. This allows the user to see where
the threshold level is set without obscuring features with intensity levels below that level. Threshold
blanking was selected over other possible techniques because it was felt to be the most accurate way of
transferring the analyst’ s realization into a digital form.

The manual analysisis performed on a selected subregion using imagery for from one sensor channel
at atime. Since it is unlikely that a single threshold applied to a single sensor channel will accurately
identify all cloud boundaries in a scene, the process is iterative. Typically different parts of a scene are
most easily analyzed using different sensor channels (e.g., visible channel for dense liquid water clcuds
over dark backgrounds or long wave IR data for thin cirrus). Therefore the analyst has the optiontc
repeatedly segment the scene in whatever way is most appropriate through interactive selection ¢{ optimal
sensor channel and subregion combinations. The manual analysis procedure is represented schematicaily
in Figure 4. _

AVHRR 5 danndd dan

__ igure 4. Schematic of AVHRR manual cloud analysis procedure.



Manual cloud analysisis performed asasingle blind procedure since the analyst has no kuicwiedge of
the automated algorithm results but is aware of the algorithm characteristics. In addidon to the suis it ‘data
the analyst also has access to conventional surface observations over the land background regiae of
interest (Figure 3). Surface based reports of cloud cover are used only for guidance and ncve: (o epiace
the satellite data. For example, if an analyst suspected afog or low stratus deck from examinadgor of, say,
a composite 3.7 and 11 um image, this could be confirmed by looking at surface reports from that area.
However, a surface report of fog, without supporting evidence in the satellite imagery, -would not be
extrgpolated to the larger satellite scene.

4. RESULTS

Final output products of both the manual and automated algorithm analyses are bipary images
depicting the cloud filled (1) and cloud free (0) regions of the scene on a pixel-by-pixel basis  Fiectionat
cloud amount can be readily calculated for any selected grid size. Comparison statistics were coiputed
over a 32X32 pixel grid selected to approximate the grid spacing that will be used in the ¢pzrational
implementation of TACNEPH.

Individual comparison statistics for June and September are summarized in Table |. A tcal of 60
scenes covering the regions identified in Figure 3 were analyzed through both the automated oo tinm and
the manual classification procedure. Statistics were compiled for mean cloud amount from the: su coeind
and manual analyses, mean cloud difference and standard deviation, and root mean squarc i Hesults
are stratified by satellite orbit and time of year. Statistics for December and March are still be comypnlesd,

Table 1. Comparison statistics between automated and manual analyses for June and September ¢ use

study periods.
_ Standard TP )
Automated [ Manual | Differencg Deviationf RMS | Count
June R
Day 54.4 54.2 0.2 8.0 225 2894 |
Night 49.1 53.7 4.6 7.7 18.2 3074 !
Terminator 46.7 534 6.7~ 8.8 25.0 3143
September
Day 55.4 59.9 -4.5 5.5 148 4136
Night 735 724 11 104 26.5 3405
Terminator 70.2 68.8 13 5.6 14.9 2566

These preliminary results show good agreement for fractional cloud amount betweeis ihs :uta iafed
and manual analysis techniques for the summer and fall cases. RMS differences tend :cime. <= pacater
disagreement than mean differences or standard deviation due to the weight the RM S statistic 3 uves i large
errors. A relatively small number of missed clouds could have a disproportionate affect vt:the RMS
magnitude (e.g., low cloud identified by the manual analyst but not detected by the zurciazc aigodin:
will result in a 100% difference, the affect of which will be squared in the 'i & ~alculation)
Confirmation that the overall analysis accuracy is good can be obtained both from ths i e, atistics
in Table 1 and from histogram plots such as those contained in Figure 5. Compm Ve CGgaty are
computed for each of the cases in Table 1, and contain the frequency distribution oi ths m:agnitede of the
difference between the automated and manua fractional cloud amount computed over cacn 32237 pixel
box in all analyzed scenes. Note that in each case the histograms have a characteristic splke a 0%

disagreement and, as indicated by the standard deviation gtatistics in Table 1, most of i+ vagr > h o thin
a few percent of that spike. Also noteworthy is the absence of even small spikes i::.» W s
that would indicate a tendency for undetected or overanalyzed clouds. Most ~f uc‘uffe o be

explained by inconsistencies in where the analyst and the automated routine estabii: :ed cloud fdgt 5.
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THE TACTICAL NEPHANALYSIS
PROGRAM (TACNEPH)

1. Overview

The Tactical Nephanalysis (TACNEPH) program is a four-year research «ifort
being conducted by the Satellite Meteorology Branch of the Phillips Laboratory
Geophysics Directorate (PUGPAS) and sponsored by the Defense Meteorologica!
Satellite Program (DMSP) Systems Program Office (SPO), Space and Missile Systenis
Center (SMC), Los Angeles, CA. The TACNEPH objective is to develop and validate a
set of robust, relocatable regional cloud detection and analysis algorithms that
generate gridded fields of cloud parameters using only the resources available on the
MARK-IVB Tactical Terminal currently produced by Lockheed Space and Missii:
Systems in Austin, TX.

The required attributes of the TACNEPH analysis are autonomy, traispotaiility
reliability, and optimal degradation. Autonomy means that the cloud anaiysisis
performed without supporting input data from a central site such as the Air :-oi:¢
Global Weather Center (AFGWC) in Offutt AFB, NE. Transportability m- an= that u -
TACNEPH cloud algorithms must operate within the contraints of tacticai terrnunai
ingest, computing, and display capabilities. Reliability means that an accurate cloud
analysis will be produced at any location around the world.  Finally op# &’
degradation means that TACNEPH algorithms will produce the most a<au: aienalysis
possible based upon available satellite data resources.

The data resources available to the Mark-1VB, and therefore utilized hv TA ThN=R,
are the DMSP Operational Linescan System (OLS), Special Sensor Micri iz vy jer
and Temperature Sounder (SSM/l and SSM/T, respectively), the Nationai.lc ear »ar«
Atmospheric Administration (NOAA) Advanced Very High Resolution Fazdicrete:
(AVHRR). Limited conventional surface and upper-air observations may be available,
and the TACNEPH is being designed to operate with or without conveniuii.! data.
Data not used by TACNEPH are the NOAA High-Resolution Infra-Red Sounder (:15:)
and the Microwave and Stratospheric Sounding Units (MSU and SSU), and tt > GCES
Visible-Infrared Spin Scan Radiometer (VISSR) and VISSR Atmospheric Sounrder

(VAS).



The cloud parameters that TACNEPH must generate are total cloud fraction{i.a.,
amount), cloud base, and top. For each layer of clouds the type, amount, anchcoinis
are also to be specified. The microphysical properties and radiative characteristics of
clouds are not included as required TACNEPH parameters, except to the extent to
which cloud phase can be inferred by type. The required cloud attributes must be
generated in gridded field format for relocatable, regional areas anywherts onthe
globe.

The four-year TACNEPH development began in May 1990 and ends in Apiii?894.
Semi-annual technical / programmatic reviews are required, nominally in Sepiembei
and April of each year. The first was in December 1990 and the second not until
November 1991. The primary responsibility for carrying out TACNEPH belongs to the
Satellite Meteorology Branch of the Phillips Laboratory, Geophysics Directorate(PL/
GPAS ), Hanscom AFB, MA; POC is Mr. James T. Bunting, DSN 478 -3495,(617)
377 - 3495. In-house support for TACNEPH consists of four man-years par year of
government researcher and administration effort. This research is mainly tactused on
development of multispectral cloud detection and analysis techniques. Other
responsibilities of GPAS include program management, reviews / report prenaration,
and delivery to the DMSP SPO of annotated TACNEPH cloud analysis algorithms faor
use in the Mark-IVB environment.

In-house contract support to GPAS is provided by Atmospheric and Envirormental
Research (AER), Inc., Cambridge MA under the management of co-priv:inal
investigators Mr. Ronald G. Isaacs ( (617) 547 - 6207 ) and Gary B. Gustafson{(617)
377 - 4510 ). The AER level of effort consists of four man-years pe:\«ar. This
support consists predominantly of development and maintenance of resca ot grode
TACNEPH computer software and also includes assistance in the deveiy niorit of
cloud analysis techniques and in the acquisition and handling of real-time NCix4 and
DMSP polar orbiter data at Phillips Laboratory, Hanscom AFB.

2. Task-by-Task Program Synopsis

In this section a summary is presented of each of the nine major tasks of the
TACNEPH program, complete with a statement of objectives and deliverabios. Figiire
1 shows each task along with its period for accomplishment. In the oiiowing
subsections the discussion of tasks is ordered more by data source than by tha date of
task initiation shown in Figure 1. The original (May 1990) task enumeraticr: appearing



__ in Figure 1 is given here in parentheses.

The TACNEPH effort requires intensive computing facility resources to handle the
large amounts of multisensor, mulitplatform satellite data as well as the development of
software needed to process and analyze that data. Software development is
performed mainly on the PL / GPAS Air Force Interactive Meteorological System
(AIMS), an integrated computer system of distributed general-purpose VAX and
Encore processors, Adage imaging computers, VAX-based monochrome and o9lor
workstations, SPARC-Il, Macintosh, and IBM PS/2 workstations. AIMS has been
developed specifically to support research in environmental satellite data processing,.
Real-time direct read-out satellite data are acquired at the AIMS polar orbiter DMSP
and NOAA groundstations and geostationaty (GOES) and groundstation and stored in
a 24-hour rotating on-line archive. Before being overwritten, digital data can be stored
(archived) on optical disk or 4 mm tape. Global meteorological observations in the
form of surface, upper air, and numerical gridded model guidance are received and
decoded automatically via the National Weather Service “Family of Services” satel'it:
link. A schematic diagram of the principal AIMS components is shown in Figure 2.

2. | Data Management Capabilities ( Task | )

The first task initiated and still ongoing is that of the Mark V-3 ciutiabe e
management which has the objective of developing AIMS software oA e
requirements for handling and displaying many of the extensive sensor and supporiing
databases available on the Mark-IVB. TACNEPH Data Base (TDB) software supports
management of most (e.g., no SSM/T-2) polar-orbiting satellite sensor data and
corresponding ephemeris such as earth locations, solar zenith and sun-satellite
azimuth angles, times, and calibration. Also included are image orocessiiig
functionalities (in multi-projection formats) and unpacking algorithms for AVYRR data
tapes in the NOAA /NESDIS Level 1 B format. TDB software also man=aces c.ata . . n
the real-time DMSP and NOAA ingest groundstations that are a partit!Ms TDF
provides both an interactive and FORTRAN-callable interface to suppG:‘a wide vaiely
of TACNEPH data users. Deliverables for this task include software documeritation, a
software design report, and VAX FORTRAN source code. all of ~"'-n «ill fe of
potential use to the upcoming technology transition (T2) effort by way of 1 wicding flow
chart design and algorithm descriptions from which ocerational =oftvar> can he

— developed.
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2.2 SSM/I Surface Temperature Algorithm Evaluation ( Task 2 )

Under this task the pre-existing algorithm currently used by the Real-Time
Nephanalysis (RTNEPH; Hamill et al., 1992) that estimates surface skin temperatures
using data from the DMSP microwave imager, the SSM/I, is to be incorporated into
TACNEPH, and its subsequent effect on cloud analysis accuracy is to be determined.
The technical approach will consist of validation of SSM/I-derived skin temperatures
against OLS-derived clear-column estimates. Deliverables for this task include
software documentation and design reports along with AIMS VAX FORTRAN source
code. A scientific report is also required.

2.3 SSM/I Cloud Amount Algorithm Evai uation ( Task3

Pre-existing algorithms that estimate cloud amount using SSM/| data are again to
be incorporated into TACNEPH under this task and the resulting effect on cloud
analysis accuracy will be determined. Work on this task is not scheduled to start uitil
April 1993. Deliverables for this task include software documentation and design
reports along with AIMS VAX FORTRAN source code. A scientific report is also
required.

2.4 Development of OLS and AVHRR Cloud Algorithms ( Task 4 )

The objective of the cloud algorithm task, the largest'and most important task, is to
develop single channel and multispectral cloud detection and analysis techninques that
provide the best possible cloud retrievals under dynamic data availability conetairis
The amount of NOAA and DMSP information can range from one to five channels of
sensor data at any one time, depending on region of interest, satellite sensor, and’ime
of day. Thus the cloud algorithms have been designed to dynamically adjust to
changes in amount, type, and coverage of data. Single-channel and multispest al
algorithms have been developed for visible-only, infrared-only, and multispectral data
mix conditions.

TACNEPH cloud algorithm development initially started with the global Real-Time
Nephanalysis (RTNEPH) model which has been in continuous operation at AFGWC
(along with its predecessor, the 3DNEPH) for over 21 years and which is avaiiable in a
research-grade form on the AIMS computing facility.  While the fundamental
requirement to operationally analyze satellite data to obtain cloud informaticnisthe
same for both models, TACNEPH requirements deviate from those of the RTNEPH in



a number of areas. Among the more important differences are the regional vs. ginbal
nature of the models, the TACNEPH requirement to exploit multisensor data souices
and to operate without non-satellite supporting databases, and the computational
hosting environments under which each model must operate.

Three levels of cloud algorithms have been developed: a single-channel infiared
(IR), a bi-spectral visible-IR, and daytime and nighttime versions of a muiltispectreat
cloud algorithm. The single IR channel algorithm is a statistical threshold iype.
comprised of three basic steps: 1) a threshold cloud / no-cloud decision, 2) a ciuster
layer analysis, and 3) a partially-cloudy-pixel analysis. The threshold step is actually a
dual threshold approach that defines cut levels for completely cloudy and completely
clear pixels. Sensor observations that lie between these values are treated as
containing sub-pixel resolution clouds or cloud edges (see Gustafson and d’Entremont,
1992, in Appendix A). The layer step is the one used by the RTNEPH (d’Entremont et
al., 1989). The partial cloud step computes the contribution of partly cloudy pixels to
the total fractional amount using the technique applied in spatial coherericestud e
(Coakley and Bretherton, 1982). A flow chart of the single-channel technique is showr
in Figure 3.

The two-channel algorithm, developed primarily for OLS visible-iF date, s
analagous to the single-channel algorithm except that the cutoff threshold:: and
subsequent data analysis are performed in two dimensions, as illustrated by igure 4
In addition to the totally cloudy pixels, the contribution A
partly cloudy pixels is given by

pc to total cloud cover of the

A, = O5[(R-R,)/(Ryy-Ry )+(T-T

o /(T

T

clr ) cid ™ leir/ ]

where R and T are the measured reflectance and brightness temperature values
respectively, of the partially filled pixel, and where all other variables are «¢ e 14
Figure 4.

TACNEPH multispectral algorithms have as their basis the cloud cleziing
algorithms of Saunders and Kriebe! (1988). There are six separate cloud detection
tests in the daytime (seven at night}. in addition to dynamic pre-filters for srow . ndsur
glint conditions. Each test is sensitive to a different cloud spectral prope:ty .nd, as
such, a positive result for only a single test is sufficient to detect cloud Figure 5
contains a flow chart of the major components of the TACNEPH multispecti=! noug
algorithm. For details on each individual test, reference is directed to Gustafson and
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d'Entremont (1992).

Deliverables for this task include documented research-grade code (developed on
and for AIMS) in addition to scientific technical reports on algorithm attributes and

validation results, most of which will be appearing in the refereed journals or PL / GP
technical reports.

2.5 Evaluation of Cloud Height Assignment Using SSM/T Dcata ( Task 5 )

The objective of this task is to evaluate the effect of incorporating data from the
DMSP microwave temperature sounder, the SSM/T, for determining cloud heights in
the TACNEPH environment, Cloud height assignments using SSM/T data will be
evaluated using conventional data. As seen in Figure 1, work on this task began in
July 1992 with the development of a temperature retrieval program for AIMS.
Deliverables for this task include software documentation and design reports along
with AIMS VAX FORTRAN source code. A scientific report is also required.

2. 6 Develop Cloud Base and Thickness Algorthms ( Task 6 )

The objective of this task is to develop techniques that provide improvec estimates
(relative to the RTNEPH) of cloud base / thickness using data that are avzilable in the
TACNEPH environment. Although their availability may be limited, techriques that
incorporate surface observations of cloud cover will be considercd as well.
Techniques to be explored include statistical, direct-measurement, and remote-sensing
based algorithms that principally exploit daytime cloud optical properiies inteime of
multispectral cloud reflectivities. Such reflectivities include measuremerits o DMIP
OLS-L and NOAA AVHRR visible, near-IR, and mid-wave IR sensors (0.63, 0.8t =and
3.7um, respectively). Arrangements are being made to interact with scientists rom
NASA-Langley who are also actively working in this area (see for examplz Stk n-i al.,
1992). Deliverables include software documentation and design !soeris wlong i
AIMS VAX FORTRAN source code. A scientific report is also required.

2.7 Quality Control and Tuning ( Task 7 )

The objective of the quality control task is to investigate and develop improved
methods of TACNEPH cloud product visualization techniques and to provide for
determining cloud analysis quality in ways that minimize manpower reguirermenrsin
the Mark-IVB environment. PL / GPAS has over ten years of experience with



visualization display techniques that have proven invaluable in RTNEFH algorithm
transition studies at the Geophysics Directorate (Bunting et al., 1983; d'Enirernont at
al.,, 1987; d’Entremont et al., 1989) and in operational, real-time applications cl iimage
display techniques at AFGWC and the German Military Geophysics Office in
Traben-Trarbach, Germany (Klaes et al., 1992). This experience will be appiiedin
development of TACNEPH visualization procedures. Work on this task is not
scheduled to begin until FY93. Deliverables for this task include softwcre
documentation and design reports as well as AIMS VAX FORTRAN source coda,

2.8 Process Conventional Cloud Observations ( Task 8 )

The objective of this task is to assimilate any available conventional observations
of cloud cover into the TACNEPH cloud analysis product, with particular emphasis on
improving the detection of low clouds and specifying cloud base and thickness
However, unlike the RTNEPH which merges independent satellite-only and
conventional-only analyses of clouds, the TACNEPH approach will corsist of arialyzing
satellite data with the a priori knowledge of surface-based observations of clouds. By
using the two types of data in conjunction with each other, discontinui:es will be
minimized (or even eliminated) of cloud amounts and/or altitudes merged (forced)intc
the satellite analysis as a consequence of ground observations. Work on s task is
scheduled to begin in October 1992. Deliverables for this task include s ::tymented
research-grade code (developed on and for AIMS) in addition to sciengiic igc!inical
reports on conventional algorithm attributes and validation results.

2.9 TACNEPH Computer Program ( Task 9 )

TACNEPH computer program development and maintenance Is aiasithi.
ongoing throughout nearly the entire TACNEPH project period. “TACGMEPH ¢t
program” means the AIMS research-grade software that performs asanu:ci,
testbed and whose design will serve as a potential Mark-IVB operation it >
The principle design philosophy of the TACNEPH computer code is suri nh&t Vi ~na
cloud algorithm analysis functions are independent, modular routines ithaicaiibe
maintained separately but that operate together to perform analyses Daseo diffaing
levels of satellite data availability. = Enforcement of this standard s an AER
responsibility that is monitored periodically by GPAS programmers. Deiiverables for
this task include software documentation and design reports as well as AIMS VAX




FORTRAN source code.

3. Algorithm Validation

The candidate algorithms were developed and tested using case study data sets
that were collected to represent the globally varying conditions under which TACNEPH
is expected to operate. Climatological and geographic ranges include the tropics;
low-latitude desert; mid-latitude vegetated land and ocean; and polar surface
conditions of land, water, and ice. For each scene a time series of 8- 4 days of data
have been obtained for summer and winter. Interactive display techniques have been
developed that depict algorithm results as color-coded overlays on the original satetiite
data. In this form the quality and accuracy of the TACNEPH cloud analysis is easily
discernable, and especially helpful in identifying problem cases of low clouds and thin

cirrus and inaccuracies arising in areas of changing topographic conditions such as
coastlines.

In addition, AVHRR data obtained locally by the AIMS groundstation are being
processed in near real-time by the multispectral TACNEPH algorithm. Resulting cioud
analyses are being manually inspected by a trained image analyst for accuracy andio
help identify systematic problem areas of the cloud analysis itself. The areas of ¢louc
analysis are Hudson Bay, New England; the Gulf Stream region south of MNsw England
and east of New Jersey and Delaware, and Florida, all of which are within the arza of
coverage of the NOAA polar groundstation at Hanscom AFB.

Results are encouraging for both single and multispectral algorithms. Mutisnectral
AVHRR algorithms in particular show an improved capability relative to @ie RTNEP! | i
detect low clouds and fog. Analysis of cirrus, especially thin cirrus aswell as
snow-cloud discrimination in the polar regions, are also improved. The algorithm also
provides information on cloud type, phase, and layer altitudes. Resuiic < aithe
two-channel visible-IR algorithm have been evaluated using AVHRR chaniel: 2 zdé
as surrogate OLS-L and T channels. Problem areas that are being irrvestigatec
include incorrect modeling of background reflectance over desert and ocean;
snow-cloud discrimination under conditions of low solar illumination; clear-cloud
discrimination in regions of coastlines; and the accuracy of supporting datahases such
as geography type and surface skin temperature climatologies and corrections.

A separate algorithm validation set will be assembled specifically for TACNEPH



algorithm validation purposes and to insure continuity following TACNEPH T°
activities. Air Weather Service (AWS) representatives from the SPO have asked to
participate in the specification of the validation data set and have also agreed to assist
in the acquisition of high-resolution sensor data from OLS and AVHRR. PL and AER
welcome SPO suggestions on the selection of suitable test scenes and in the
designing of the validation procedure. - ., . -4 e Lom Yaleel on Foguern

< il te Treaa ek we uﬁfﬁ A %«&Q«( ii;@

4. Present Program Status

Figure 1 gives timelines and progress for the nine tasks in the TACNEPH
development undertaken by GPAS and the major support contractor, Atmospheric and
Environmental Research, Inc. (AER). The following tasks were ongoing as of August
1992: Task 1, database management, including real-time data ingest; Task 2, SSM/I
surface temperatures; Task 4, OLS and AVHRR algorithms; Task 5, SSM/T cloud
heights; and Task 9, TACNEPH computer program development. AER has completad
three data base subtasks and provided software design reports for them. Task 6.
cloud base and thickness algorithms, will start September 1992. Tasks 3.7 aad 8 w
scheduled to start later.

Also completed under Task 1, satellite ground stations now prowidsieal tiys
DMSP and NOAA data ingest which is used in direct support of TACNE®™H T.. & .
the NOAA ingest has provided the cloud algorithm quality assessment data sets iwiihe
four geographic areas referred to in Section 3. The real-time DMSP i, 3s .niy
recently become available, and will be used directly in the valirat: i fthe
single-channel and two-channel OLS algorithms and in the utilization < . “ive
algorithms.

Under Task 4, algorithms have been designed to identify clear, pe ! alcud ar?
cloudy samples for one, two, and multi-channel data available from OL& a5 A /HRR
Task 4 also calls for surface temperatures estimates from the satellites iorclecr z-eas
The surface temperatures are needed as input to Tactical Decision Aids Uu.:ersana
also improve the cloud detection. All of the TACNEPH cloud detection algorithms use
a surface temperature test at some stage for cloud detection. The serised surface
temperatures allow automatic updating of corrections to the surface temperature
ciimatology to reduce errors associated with the climatology. Similar pro¢-resshas
been made in generating background brightness fields for visual and nea-infrarad
channels.
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In addition to the algorithm development, government personnel have assisted in
evaluating the capabilities of the Mark IV-B and in preparing a Meteorological User’'s
Guide for it. Moreover, information on TACNEPH algorithms and cloud display
capabilities has been provided to DMSP Block 6 efforts and to the AFGWC for
planning and transition purposes.

5. Technology Transition Issues

Details of transitioning the science and technology contained in the cloud detection
algorithms developed at GPAS have never been specified. Uncertainties as to final
host hardware and overall size and complexity of TACNEPH algorithms and support
databases have precluded detailing the process. Now that these hardware and
algorithm constraints are known, the T2 process must begin.

Technology transition in the sense of construction and implementation of
operational code is considered by GPAS and its in-house contractior to be
supplemental to and distinguished from the TACNEPH program outlined in Sections 1
and 2. The overall GPAS responsibility in TACNEPH is to incorporate staie-of-the-
technology cloud detection and specification techniques into new algorithins and
implement them on AIMS as a research-grade code for the purnose of
proof-of-concept, technique demonstratibn, and validation. The disti: .cfions betwaen
research and development, vis-a-vis operational implementation of {AC:&EPH are
indicated in tabular form below.

TACNEPH Implementation Issues

Research and Development Operational

1. Research (Changeable) Code Operational (Robust) Code

2. Case-Study Databases Continuous, Regioncd Dxiictyoses
3. Post-Facto, Episodic Operation Recd-Time Operation

4. Augmented AIMS Hcoxdwcare Mcok [V-B Hezdwerne

5. Case-Study Vehicle Prime Use - Operational Support

The T2 elements that GPAS will provide are documentation, reporting, and
validation data set maintenance. Software per se is not a deliverable item. All

-10 -



software developed for TACNEPH is in the form of research-grade code and can only
be executed on AIMS. However, it is anticipated that the source code listings wiii be
useful instructinal aids for programmers tasked with the operational implementatior of
the algorithms.

Although GPAS is not constructing or implementing the operational code. ihe
software transition process is being assisted by adhering to stringent documentator
and reporting standards. Documentation means plain-language descrptions anc
supporting diagrams indicating for each algorithm 1) its function; 2) the contro:
sequence; 3) input / output specifications; 4) supporting database structurz, access,
utilization, and update; and 5) its integration into the overall TACNEPH program.

The reporting T2 element includes written technical reports (detailed in Section 2),
periodic reviews, and algorithm demonstrations. As part of the reporting element,
TACNEPH architecture documentation will be prepared for each scientific task as it
proceeds, is completed, and is integrated into the overall TACNEPH program. These
reports, along with reviews and demonstrations, will be constructed with the transitiorn
process in mind and are available to the sponsor and other concerned agents,

The third T2 element of TACNEPH is the assembling and maintenance of stands «
validation data sets for the four test areas employed in the research effori{reieric
Section 3). These data sets will be used during the R&D effort to nsuoss the
effectiveness of incremental improvements and will be used to insure *r tuiesiiriy
operational cloud analysis model is functioning correctly.

Neither GPAS nor its primary in-house contractor has the experience in producirg
opertional code that is required to successfully T2 the TACNEPH algorithms to thie
Mark IV-B environment. It is therefore recommended that such an age:iscynhe
recruited and become involved with the TACNEPH program at GPAS.

6. Recent TACNEPH In-House and Primary Contractor Publicativris

6. I Presentations at Cloud Impacts on DoD Operations and Systems ( CIDOS -
91), July 1991, Los Angeles CA.

Gustafson, Gary B., Jean-Luc Moncet, Ronald G. Isaacs, Robert P. <'Zriramon’
James T. Bunting, and Michael K. Griffin, 1991: TACNEPH Singic Uhizinel
and Multispectral Cloud Algorithm Development. Proc. CIDOS-¢1.Jul,1¢¢:

11 -
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Los Angeles, CA.

Isaacs, Ronald G., and Gary B. Gustafson, 1991: Tactical Nephanalysis (TACNEPH)
Program Overview. Proc. CIDOS-91, July 1991, Los Angeles, CA.

Thomason, Larry W., and Robert P. d'Entremont (Presenter), 1991: Simulation of
Color-Composite Imagery on 8-Bit Display Devices. Proc. CIDOS-91, July
1991, Los Angeles, CA.

6.2 Sixth Conference on Satellite Metecrology and Oceanography, Atlanta
GA, January 7992

d'Entremont, Robert P., Donald P. Wylie, J. William Snow, Michael K. Griffin, and
James T. Bunting, 1992: Retrieval of Cirrus Radiative and Spatial Properties
Using independent Satellite Data Analysis Techniques. Proc. Sixth Coni. on
Satellite Meteorology and Oceanography, 5-10 January 1992, Atlanta GA,
Amer. Meteor. Soc., 17 - 20.

Griffin, Michael K., Robert P. d’Entremont, and Larry W. Thomason, 1992: The
Simulation of Multispectral Composite Satellite Imagery on 8-Bit Color
Workstations. Proc. Sixth Conf. on Satellite Meteorology and Oceanography,
5-1 0 January 1992, Atlanta GA, -Amer. Meteor. Soc., J92 - J95.

Gustafson, Gary B., and Robert P. d'Entremont, 1992: Single-Channel and
Multispectral Cloud Algorithm Development for TACNEPH. Proc. Sivth Coni.
on Satellite Meteorology and Oceanography, 5-10 January {$u2, Atlanta GA.
Amer. Meteor. Soc., 13 - 16.

Ward, Joan M., H. Stuart Muench, Robert P. d’Entremont, Michae! ¥ Griffin, Gary B.
Gustafson, and James T. Bunting, 1992: Development of 6 i uilernul Terrain
Elevation Data for Satellite-Based Cloud Analysis Models. Proc. izt orf,
on Satellite Meteorology and Oceanography, 5-10 January 1992, Atlania GA,
Amer. Meteor. Soc., 25 - 27.

6.3 Sclentific Reports

d’Entremont, Robert P., 1992: Colocation of AVHRR and HIRS Pixel Fields of View for
Multispectral, Multisensor Cirrus Analysis. Phillips Laboratory ,-| Geophysics
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Directorate Technical Report, In Publ.

Klaes, K. Dieter, Robert P. d’Entremont, and Larry W. Thomason, 1992: Applying an
8-Bit Multispectral Color-Composite Image Simulation Technique to Operatinal

Real-Time AVHRR Data. Bull. Amer. Meteor. Soc., 73, 766 - 772.

Thomason, Larry W., and Robert P. d’'Entremont, 1992: Full-Color Composite Imagery
for 8-Bit Display Devices. Submitted /nt. Journ. Remote Sensing, March ;992.
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Appendix A.

SINGLE CHANNEL AND MULTISPECTRAL
CLOUD ALGORITHM DEVELOPMENT FOR TACNEPH

Gary B. Gustafson

Atmospheric and Environmental Research, Inc.
Cambndge, MA 02139

Robert P. d'Engemont

Geophysics Directorate, Phillips Laboratory (AFSC)
Hanscom-AFB, MA 01731

1. INTRODUCTION

TACNEPH is an ongoing Air Force sponsored
program to develop a relocatable regiona cloud analysis model
for operational use at transportable satellite ground receiving
stations. Key model requirements arc the ability to assimilate
data from both military and civilian polar orbiting satellites in
real time and to analyze sensor data for the purpose of
developing gridded fields of fractional cloud amount and
height. The TACNEPH heritage lies in the global RTNEPH
model which the Air Force has been operating continuoudy
(along with its predecessor the 3DNEPH) for over 20 years.
However. while the fundamental requirement to operationaly
analyze satellite sensor data to obtain cloud information is the
same for both models. TACNEPH requirements depart from
RTNEPH capabilities in a number of areas. Important
differences are the regional vs. global nature of the models. the
TACNEPH requirements to exploit multiole sensor data
sources and to operate in the absence of supporting databases
from non-satellite sources, and the environments in which the
two models operate.

Multiple nephanalysis algorithms are necessary to
satisfy the TACNEPH requirements. To date four prototype
agorithms have been developed; two statistical/threshold
techniques and daytime and nightime versions of a
multspectral decision oree type of agorithm. Algorithm
testing and vdidation is a large part of the program to ensure
that candidate techniques are robust enough to satisfy
operational requirements for the wide range of conditions that
the model could potentially be employed over. Future work
will include development of sensor based surface radiagve
skin temperature and reflectance models. application of
microwave sensor data to background characterization and
cloud height assignments, integration of conventional cloud
observational data into the satellite based nephanalysis. and
interactive techniques for quality control and validation.

2. PROGRAM OVERVIEW

TACNEPH isafour year research and development
program being carried out a the Phillips Laboratory Geo-
physics Directorate. The principa objective of the program is
development and validation of satellite ncphanalysis aigorithms
for cloud detection and estimation of fractional cover and
atitude. Corollary efforts include development and/or vaida
tion of objective agorithms capable of deriving additional
cloud properties including type, base, and thickness. All
algorithms arc constrained to operate using only the data and
computing resources available in awansportablesatellite

receiving station. This implies that conventional data may ot
always be available and that algorithms must be designed to
dynamically adjust to changes in availability of supporting data
and in coverage, quality, and available sensor channels of
satellite dam_ In particular TACNEPH algorithms arve required
to:
1) exploit multiple sensor data sources including
DMSP OLS. SSM/, SSM/T and all five NOAA
AVHRR channdls;

2) operate in the absence of any dynamic ds:a
other than direct satellite sensor Gansmiss a3

3) automatically select the optimal processiizy o}y
in response to changes in data availability or 7salit.:

4) provide techniques to customize the analysis
methodology basal on locaton parametsrs ihia:
characterize the radiative properties of a parucusiss
region; and

5) provide quality control informaton aong with
analysis results to dlow operational users in the
field to assess the quality and accuracy of the
derived cloud properues.

To address these requirements eight functonal tasks have fvwen
identified to: 1) develop sensor and supporting database capa
biliges including data acquisition, database management, Earth
location and spatial transformation. image processng o
display; 2) develop OLS and AVHRR nephanalysis <!y
rithms: 3) develop OLS and AVHRR clear scene skt ipeia
ture algorithms: 4) evaluate existing SSM/1 surface temperai e
agorithms for estimation of skin wemperature; 5) evaluate
cloud height assignment using SSM/T-derived temperature
profiles; 6) develop cloud base and thickness agorithms;

7) develop procedures for quality control and interactive
manipulation of analysis results; and 8) integrate conventional
cloud observations with satellite derived analyses.

3. CLOUD ALGORITHMS

The aprroach to cloud agorithm development is
illustrated in rigure 1 wherein multiple algorithms exist to
satisfy the external constraints imposed by the data mix. As
indicated by he arrows surrounding the diagram, it is assumed
that the baseline capability (level 1) has the highest reliance on
locally available and stored databases (which may require
periodic updzting 1o insure timeliness) and the ieast reliance on
satellite senscr data. As contingencies develop that decrease
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Fig. 1. TACNEPH conceptual approach.

the reliability of stored databases the analysis program will
switch to higher levels of processing that are less dependent on
supporting data. An imponant feature of this muldlevel
approach is the capability 10 perform simulianeous algorithm
co-calibration in the field. The inherent agorithm redundancy
is exploited to calibrate one algorithm against another during
conditions of full data availability. This provides output
statistics from the analysis algorithms that will be used 10
assign confidence levels t results obraincd later during non-
optimal daterlimited conditions.

Algorithms have been developed to accommodate the
range of imager data expected from the OLS and AVHRR
instuments. Two datistical threshold type algorithms have
been designed to operate using a singleinfrared thermal
window channel aone or in combinaion with a visible or
near-IR channel (i.e, OLS-T and OLS-L; AVHRR channels
lor 2 and 4 or 5). Daytme and nighrdme muldspectral
algorithms use all available channels from the AVHRR
simultaneously. The multispectral approach uses a decision
tree structure to classify individual scene features {e.g.. low
cloud. cirrus, snow, sun glint) separately through evaluadon
of aselected set of spectral signatures at each branch. For this
application spectral signatures are takento be combinations of
channel ratios. differences and absolute magnitudes. This
approach has been used successfully in operatonal cloud
clearing applications (e.g. Saunders and Kriebel, 1988;
Karisson and Liljas. 1990). however. for TACNEPH itis
being modified to operate as a doud derccdon program.
Information on cloud type and cloud opacal properties is
produced as a by-producr of the muldspeczal cloud detecgon
algorithms.

3.1 JSingle Channel

The single IR channel algorithm is a three step pro-
cedure: 1) athreshold cloud detecdon test. 2) a clusterflayer
analysis, and 3) apartial cloud analysis. The objective of this
scheme is to identify cloud-filled, cloud-k and partialy
cloudy pixels within the scene and to determine arepresenta-
ove temperature associated with each cloud layer and cloud
free area. This information is then used o computethe
required parameters for each layer, namely fracaonalamount,
cloud top temperarure, and altirsde.

In general, a threshold approach is wellsuited for a
one or two channel technique since any unczrainties in rhc
data, including sensor calibration, clear sczne characterisucs,
and atmospheric ransmission, can be accounted for in a single
threshold value. The TACNEPH threshold st is designed 10
estimate the conmbudon of completely cloud filled pixels o
the total amount. Most threshold based cloud algonthms use a
single cutoff value 1o discriminate cloud filled from cloud free
pixels. However. as illustrated in Figure 2a,this will produce
errors in fractional amount due ioincorrect classification of

parually filled FOVs. Additionally, cloud boundanestendto
be amorphous and the actua definioon of where they occur
generally depends on the application. The TACNEPH
algonithm artempts to minimize these problems through a dual
threshold approach wherein separate cutoff vaues are
identified for completely cloudy and completely clear pixels
Figure 2b). Data points that lic between thetwo cutoff values
are geated as pardally filled (i.¢. contain a cloud edge). Image
pixels classified as complcrely cloud filled by thethreshold test
arc subjecied o aclusiening algonrhm that provides a
brightness iemperature analysis of alayered cloud system
(dEntremontet al.. 1989). Up to four floaring cloud layers
arc idenafied and representative emperatures are assigned to
each layer in order 10 anchor them in atemperature hetght
profile. The third and final sup is an esamanon of the
conmbuton of parnally filled FOVsw thetotal cloud amount.
Thus step is adapted from the spatial coherence technique
developed by Coaklcy and Bretherton (1984) 1nwhich
fractional cover is given by an energy balance equation:

_ (- Iepr)
(eid - Tetr)

where Ac s effective cloud cover. [ismeasured scene
radiance, lcid isrepresentative cloud radiance, and Leir is
representadve clear scene radiance. The TACNEPH algorithm
departs from the spatial coherence approach intwo ways.

1) only pixels that have been previously determined 1obs
parnally filled are used in the calculadon; and 2) Leir and Icid
arc obtained from the mean radiance of the clear and lowest
cloud layer pixels, respectvely, as determined by the threshold
andysis.

3.2 Two Chapnel

The second statstcal/threshold algorithm is atwo
channel approach developed primarily for the OLS. This
agorithm is similar to the single channel approach described
above, however. a two dimensional threshold technique is
used to classify the clear, cloud filed, and partialy cloudy
pixels. Conceprually the two channel approach is straighi-
forward: data from both a visible and infrared sensor channels
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arc andlyzed simultaneously using two sets of cutoff values,
one in each dimension. Figure 3 illustrates how the two
dimensiond visible-IR space is divided 1nto nine classificadon
regions by the cutoff values. Infrared data that arc colder than
the IR cloud cutoff value (T¢id in the figure) are
unambiguously classified as cloud over snow- and ice-free
backgrounds. Data that arc both warm and dark (i.e. below
both Tetd and Reld and either Teir or Relr) are  unambiguously
classified as clear. Warm bright regions (i.e. exceed Reld but
below Tcld) require an a priori clear scene classificanon to
remove the ambiguity caused by the similarity in tadiativc
signatures of backgrounds such as desens and low cloud.
Data points that fall bctween all four cutoff values arc
classified as partidly cloud filled. Their conaibudon to total
cloud amount is calculated gcomcuically; it is assumed to bc
proportonal to the distance adata point lies from both clear
cutoff values(i.e.Relr, Telr) in the space defined by the
intersecton of the four cutoff lcvcls. The expression for rhc
cffectve cloud cover Ag is

1 TTar | ReRey
Teid-Telr  ReldRelr

where R and T arc the measured reflectance and brightness
temperarures, respectively, of the partidly filled data point and
Telr, Teld, Relr, and Reld are the clear and cloud cutoff values
for the infrared temperatures and visible rcflcctances.

3.3 Mulgspecral

TACNEPH multispectral algorithm work is based on
the cloud clearing algorithms of Saunders and Kriebel (1988).
Five separate cloud detection tests in a hierarchical stucture
are used to characterize the scene. In addition separate snow
and sun glint tests prc-filter the data for problematic back-
ground conditions. Each test is applied in succession and a
positive result for any one test is sufficient to detect cloud.

Snow and ce Tests: Three conditions arc required for
the adgorithm to detect snow. 1) The scene must be at or
below freezing and still within 20 K of the climatological
temperarture; 2) the ratio of the near IR to visible reflectance
values must benear unity since vegetated land surfaces iend to
have ratios significantly greater than 1; and 3) since snow is
relagdvely non-reflecdve at 3.7 pm the magnitude of the
channel 3 brightness iemperature should be near that of
channel 4. The suspicion of a snow background precludesthe
usc of channels ! and 2 from the cloud tests.

Sun Glint Tesr- Specular reflection off of water surfaces
generally causes afalse cloud signature to occur in tests which
use channels 1, 2, or 3. Five atmibutes have been idenuficd
that are characteristic of glint conditions. 1) near IR reflectance
is high; 2) channel diffcxtnccs between the vishble and near [R
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Fig. 3. Clear/cloud classfication regtons of the two channel
algonthm.

tend 10 be masked by the glint, hence the rauo of the two
channels isnear [; 3) the combined emitied and reflected soiar
components measured at 3.7 wm islarge relagve to the
emitted-only long wave radiance resuiting in a channel 3
brighmcss temperature much larger than channel 4; 4) rhe
scene brighmess temperature is high relative to the rcfercnec
clear scene temperature; and S) LWIR channel differences
(channel 4-5) caused by small cloud or ice particles do not
exist Similar to the snow tests, a suspected sun glint regica
eliminates any tests that rely on areflecied solar signature
(including tests that usc channel 3).

Yisible Gross Cloud Test: This est is a simple single
thresholdtest designed to diminate obnous cloud from further
processing. Different cutoff levels arc used over land and
water backgrounds to account for the increased uncerainty i
the clear scenc estimates over land surfaces. Large threshold:
arc used to minimize the possibility of classifying an
abnormally bright background surface as cloud.

Near [R to Yisible Rago Test: As discussed above,
dark background surfaces often appear brighter at visible
wavelengths than in the near IR due to increased atmosphenc
scattering at the shorter wavelengths. However. vegetated
land surfaces tend to have a higher reflectance at the channet ?
bandpass than at channell, overwhelming the amnospheric
scattering effect. Cloud tends to wipe out both of these clear
scene signatures since cloud reflectance is approximately eoal
at both channel wavelengths and cloud tops generally lie above
the layer of the atmosphere where most scattering occurs
(d’Enmemont ct al., 1987). Thercfon. in the absence of snow
or sunglint channe!l 2/channe! 1 ratios will be greater than 1 for
most clear vegetated scenes, less than 1 for clear ocean, and
near unity for cloud. Ambiguities occur over some desert and
bare rock surfaces.

Way : During nightdme passes,
3.7 and 11 um channel differences are used to detect low
clouds and fog. Water droplet clouds have 3.7 pm emissivi-
tics tanging from 0.35-0.90, depending on droplet sizes and
total cloud optical depth while land surface emissivitics range
around 0.90 (Hunt, 1973). This nsults in lower MWIR
brighmecss temperatures relative to LWIR measurements of
these clouds. To detect low cloud the nighttime algorithm tests
for channel 4 brighmcss temperarures greater than channel 3
temperatures. In sunlit conditions liquid water clouds reflect
as well asemit at 3.7 um. These clouds appear warmer at
channel 3 than at the LWIR channels wherc then is only an
emitted component. The daytime test exploits these channel
diffcrences through criteria that require a channel 3 brighmess
temperature greater than the channel 4 temperature. In both
tests the channel differences must exceed an empirically
derived threshold value that is defined regionally. Also the
daytime test requires filters for sunglint, snow, and other
reflective backgrounds.

Split IR Virgbw™rext: annel  differences between
the two AYHRR LWIR channels (4 and 5) arc used to detect
opacally tin cirrus and edges of thicker ice and liquid water
clouds. Brighmness wmperature differences between these two
channels exceed the amount expected for water vapor 3bsorp-
donard Planck functional dependence for these types of
cloud. Inoue (1987) recognized that this diffcrence was
caused by differences in extinction of thin ice partcle clouds
between 11 and 12 um, with the greater exrinction a i2 pm.
Prabhakara ct al. (1988) extended this signature to include
both liquid water and ice clouds whenthe dropiet or particle
size was smaller than the channel wavelength. Sauncers and
Kriebel (1988) dcvclopcd alest to exploit these signatures
through a look-up-table of expected clear scene channel
diffcrences due 0 preferential water vapor absorpuon at
channel 5. To detect cloud the measured channel diffecences
must exceed the table predicted value by an amount tnexcess
of apresetthreshold.
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4. ALGORITHM VALIDATION

Candidate algorithms arc being evaluated using case
study data sets collected w represent the range of climatolo-
gical and geographic conditions over which TACNEPH is
expected to operate. Case study data include AVHRR imagery
and climatological surface temperatures for four regions
represenuing the ropics; low lagrude desery; mid latitude
vegetated land and ocean; and polar land, water, and ice
backgrounds. For each case a minimum of six days of ume-
conuguous data have ban collected for two seasons; summer
and winter. lnteractive software to display algorithm results as
color coded synthendimagery over rop of original sensor data
is used w manualy evaluate algorithm results. This has
proven to be an effective technique for analyzing ncphanalysis
accuracy over different cloud rypes and backgrounds and for
idenafying problem areas in the cloud analysis itsdlf.

Preliminary resultsare encouraging. Muldspecmal
algorithms in particular show an improved capability relative to
the RTNEPH 10detect low cloud and foe over a vanery of
backgrounds. The visible 10near IR and mid to long wave IR
tests contribute mostiolow cloud detection. Cirrus detecoon
using both the split IR window and mid to long wave IR tests
is aso improved. In daylight conditions the ice test provides
excellent discrimination of sea ice from polar stratus. Anaysis
of individual test results also furnishes information on cloud
properties such as type. phase, and relative layer height.

A number of problem areas have beenidentified,
principaly in the analysis of reflected solar radiation.
Enhanced reflection from disturbed ocean surfaces well away
from the expected specular point have caused spurious cloud
signatures in the visible, near IR, and mid IR channels.
Similarly, exweme variations in surface characteristics over
desernt regions (presumably caused by different surfaces such
as sand and rock in close proximity), which arc poorly
resolved in background reflectance databases due to their
highly antsotropic nature, often result in anomalous cloud
detecton. Highly reflective desert surfaces can also mask-the
reflected cloud signamre in the mid IR channel due to sensor
saturation. At high solar zenith angles discrimination of ice
and low stratus becomes problematic due to the lack of
sufficient reflecied solar energy to satisfy the ice detecton
criteria Finally. many of the tests require different threshold
values over land vs. water or vegetated vs. barren
backgrounds due to their different radiadve characteristics.
Poor resolution or granularity in supporang databases that
identify the background classification can resultin the
appearance of persistent phanrom clouds aong the boundanes
between adjacent background types. This phenomena can aso
occur whenver the thermal contrast berween nearby
background ngions is wo large w be resolved accurately by
the surface temperature database. AU of these problem areas
are being investigated either through solutions that test for
additional radiometric characteristcs or through inferendal
criteria based on analysis of nearby pixels or regions.

5. SUMMARY

A mulgyear program isunderway to develop a regiona
satellite cloud analysis mode! that can be adapted for any
locanon on the Earth. The model is constrained to operate
using only sadllite sensor and stored databases although under
some operating conditions convendonal data may be available.
To accommodate the variability in coverage, quality, and
amount in the available data mix. mulriple nephanalysis
algorithms are being developed and rested. To date two
classes of agorithm have beeninvesagated: one- and two-
channel statistcal threshold techniques and muitispecaal
visible and infrared approaches. Future work will be in areas
of background and clear amnosphere characterization from
infrared and microwave remote sensing, the addition of
conventional cloud observations, customization of the analysis
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based on regional location parameters, and manual interaction
with automated nephanalysis results.

Initial evaluation of algorithm results on selected case
study data have shown significant improvement over the
RTNEPH in detection of low cloud and fog, cirrus, and snow-
cloud discrimination in polar regions. Problem areas that are
being investigated further include incorrect modeling of
background reflectance over ocean and desert, snow-cloud
discrimination under conditions of low solar illumination, and
the accuracy of supporting databases (e.g. surface skin
temperatures, upper air profiles).
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